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INTRODUCTION 
Reinforcement for the Wall 

To enable the cell wall of bacteria to resist the intracellular 
pressure of several atmospheres and to maintain a specific cell 
shape it needs to be reinforced by a strong scaffolding Inter- 
estingly, the murein (peptidoglycan) of eubacteria (116 126) 
and the pseudomurein of archaebacteria (60, 82) are 'quite 



Mailing address: Max-Planck-Institut fur Entwicklungsbiologie 
Abteilung Biochemie, Spemannstrafie 35, D-72076 Tubingen Ger- 
many. Phone: 07071 601 412. Fax: 07071 601 447. E-mau? Joachim- 
voIker.hoeltje@mpib-tuebingen.mpg.de. joacnim 



181 



analogous structures. In both cases, two chemically different 
threads, glycan strands and peptide chains, form a tight fabric 
Unhke chitm,' murein and pseudomurein are held together bv 
covalent bonds in two or even three dimensions, resulting in a 
mono- or multilayered structure (Fig. 1). The meshwork char- 
acter makes both compounds ideal structures to protect the 
cytoplasmic membrane against cell turgor. 

MUREIN, A CROSS-LINKED BIOPOLYMER 
Structure 

In murein (Fig. 2) the glycan strands are made of the ami- 
nosugars Macetylglucosamine (GlcNAc) and Af-acetylmu- 
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Peptides 



Glycan strands 



HO. l. Architect of the murein laye, ^= d ™ ^^^oTcT jo 
,ayers and indicates (by dotted Unes) ^"»^ by Sid bars. ™ e 

^'SSEssr saws =sk~ - - udes) ^ 

black arrows (donor stem peptides). 
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• «^ n^urNAc^ which are linked together by p-1,4 gty- 

or N acetvlation, the peptides vary a lot (125, ""P" 
SnSv TdS arnino &d has to be present to enable the 
So£\inl£g peptide bond to be formed. In «* 
S is^XminopimeUc acid, an intermediate in fce bw 
^theticTathway leading to lysine. The stem peptides linked 
Se SySnTtiLds ^arranged helically along the strand 

DeSd insighfmto the structure of murem has beenma^ 
•wT h» T^tlblishinB two powerful analysis methods (48, 
^rSe^-moS^weighT polymer murein is first com- 
Ste^degfdea with specifcenzymes, such as muramidases 
SX£S. the glyc* M^odJ > or amida** 

pressure liquid chromatography (HPLC). 
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Transpeptidase 



-picNAcll^ 

3 ~*~ L-Ala 
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m-A2pm - D-Ala 

D-Ala 



m-Azpm -/VH2 

D-Glu 
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Transglycosylase 



«f th» nrwursor and the epsilon amino group 01 a aianuuvp Miiff . A . of a nascent elycan strand in the saccuius ana iomu» * &»yw w-acetvlducosam ni- 
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Retention time (min) 




Retention time (min) 



Muropeptide Analysis 

The murein degradation products, called muropeptides, 
which are obtained by muramidase digestion can be separated 
by reversed-phase HPLC on ODS-Hypersil (48, 50) (Fig. 3). 
An unexpected complexity was found, which is explained by 
the unrestricted combination of only a few different monomers 
via two different cross-links [r>Ala-(D)-m-A 2 pm or (L)-m- 
A 2 pm-(D)-m-A 2 pm] to dimeric and also tri- and tetrameric 
structures (Fig. 4B). The structures of all identified monomelic 
muropeptides are depicted in Fig. 4A, and a summary of all the 
muropeptides separated by HPLC is given in Table 1. Never- 



theless, the basic structure of the murein of is. coli is a simple 
meshwork of glycan strands cross-linked with short peptides. 

Length Distribution of Glycan Strands 

The glycan strands, which are released by digestion with' an 
amidase that cleaves the amide bond linking the peptides to 
the glycan strands, can be fractionated according to their 
length, i.e., their degree of polymerization, by reversed-phase 
HPLC on ODS Nucleosil (62) (Fig. 3). The method can sep- 
arate all lengths from 1 to 30 disaccharide units. The average 
length of the unfractionated material that can be eluted from 
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B 



MurNAc -^L-AIa- 



-D-Glu L 
YW- A 2 pm 



D,D-(Ala-A2pm) crosslinked dimer 



A 2 pm+o-Aia l r>Giu^-L-Ala— MurNAc 
o.el 



D.MAgpm-Agpm) crosslinked dimer 



MurNAc-^L-Aia-^Ewau^ A 
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the lactyi group of MurNAc are listed. (B) < 

Particular Muropeptides 

Several asnects of the structure of mureln seem to be of 
paSar im'portanl (49, 50). The prevaiKng c^^age .s 
v\a D D-peptide bonds between m-A^m and D-Ala, wh ch are 
So be formed by a peniciUin-sens.tive tra^pepUdaUon 
Son (see below). By contrast, the cross-linkages via l,d- 
peSde bonds between two m-A 2 pm residues are uncommon 
K 2% of the linkages) in exponentially growing cells. 
However me relative amount of L,D-cross-linkage can more 
San double during the stationary phase of growth. The murem 
S^Sed nofonly by dimeric peptide bridges connecting 



two glycan strands but also to a significant extent (4.6%) by 
rrimeric neptide bridges connecting three glycan strands. Tet- 
rameric crS links ire extremely rare and represent onty 
^mLXf me linkages. Strucmral^ 
that the three (four) strands cross-hnked 
rameric-* oeDtide cannot be arranged in one plane. One {.two; 
oSe lee P ( four) strands must be positioned either above or 
below Se plane defined by the other two strands This raises 
the question about the function of such a structural element m 

3 X^t UnSe of a lipoprotein to the ^ £hich 
can be cleaved off by pronase treatment during the preparatoon 
oToure murein sacarii gives rise to muropeptides subsUtuted at 
*e P ir A^m residues by the two ^^t^T^fore a 
of the apoprotein, Lys and Arg (14, 15, 74). Therefore, a 
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TABLE 1. 



Muropeptide composition of the murein of 
E. coli KN126* 



Muropeptide 


Retention time 
(min) 


Amount (%) 
(mean ± SD) 


Tri 


11.9 


7.41 ± 5 


Tetra(Gly 4 ) 


15.0 


1.71 ± 8 


Tetra 


25.2 


35.90 ± 4 


Penta(Gly 5 ) 


26.1 


0.26 ± 18 


Di 


29.6 


2.13 ± 11 


Penta 


39.7 


0.07 ± 23 


Tri-Lys-Arg 


45.9 


4.68 ± 6 


Tri(Anh) 


55.1 


0.36 ± 8 


Tetra-tri(A,pm,Gly 4 ) 


56.1 


0.07 ± 22 


Tri-tri(A2pm) 


57.3 


0.28 ± 13 


Tetra-tri(A 2 pm) 
Tetra-tetra(Gly 4 ) 


62.4 


1.55 11 


63.0 


i 47 + m 


Tetra-tri 


63.6 


9QQ+ Q 


Tetra-penta(Gly 5 ) 


67.3 


n "xo -+■ 1 a 


Tetra-tetra 


69.2 


1 .JKJ — O 


Tetra(Anh) 


71.0 


U.Du _ 1 1 


Tetra-penta 


73.8 


n 17 + OA 


Tri-tri-Lys-Arg(A2pm) 


75.4 




Tetra-tetra-tri(A2pm) 


80.1 


n 94. -1-14 


Tetra-tetra-tri 


80.9 


n 9R ■+■ in 


Tetra-tri-Lys-Arg 


83.0 


2Q7 + 7 


Tetra-tetra-tetra 


84.6 


aJJ — J 


Tetra-tri(A 2 pm,Anh)I 


88.9 


n 9^ is 


Tetra-tri(A2pm^\nh)II 


%9A 


0.27 ± 16 


Tetra-tri(Anh)I 


90.6 


0.42 ± 12 


Tetra-tri(Anh)II 


91.3 


0.14 ± 15 


Tetra-tetra-tetra-tetra 


93.1 


0.08 ± 17 


Tetra-tetra-tri-Lys-Arg 


95.1 


0.27 ± 10 


Tetra-tetra(Anh)I 


95.9 


0.67 ± 7 


Tetra-tetra(Anh)n 


96.6 


0.67 ±5 


Tetra-tetra-tri(A 2 pm,Anh) 


101.1 


0.08 ± 13 


Tetra-tetra-tri(Anh) 


101.7 


0.18 ± 12 


Tetra-tetra-tetra-(Anh) 


105.4 


0.55 ± 10 


Tetra-tetra-tetra-tetra(Anh) 


110.2 


0.05 ± 12 


Tetra-tri-Lys-Arg(Anh)I 


111.9 


0.13 ± 13 


Tetra-tri-Lys-Arg(Anh)II 


113.2 


. 0.16 ± 21 


Tetra-tetra- tri-Lys-Arg(Anh) I 


116.4 


0.03 ± 20 


Tetra-tetra-tri-Lys-Arg(Anh)II 


116.9 


0.05 ±24 . 


Tetra-tetra-tri-Lys-Arg(Anh)III 


118.8 


0.05 ± 17 



a Muropeptides were prepared from isolated murein sacculi by digestion with 
cellosyl and fractionated by reversed-phase HPLC on Hypersil ODS as described 
by Glauner et aL (50). Di, disaccharide dipeptide; Tri, disaccharide tripeptide; 
Tetra, disaccharide tetrapeptide; Penta, disaccharide pentapeptide (disaccha- 
ride, GicNAc-£-l,4-MurNAc); Gly^Glys, glycine in position 4 or 5 of a peptide 
side chain; Lys-Arg, Lys-Arg residue from lipoprotein; Arm, 1,6-anhydro mu- 
ramic acid; A 2 pm indicates a D,L-A2pm-A 2 pm cross bridge rather than a d,d 
Ajpm-Ala cross bridge (present in all other oligomeric muropeptides). 



muropeptide analysis also contains some information about 
the amount and specific linkage of the murein lipoprotein to 
the sacculus. 

A peculiar structure of the murein of E. coli is a 1.6-anhy- 
dromuramic acid present at one end of the murein strands (67) 
(Fig. 4A). All of the normally reducing ends seem to be 
blocked thereby, since free reducing ends have not been found 
(64). The 1,6-anhydro ring is formed by an endogenous ly- 
sozyme-like enzyme (see below). 

The 1,6-anhydrbmuramic acid that is a natural tag of one of 
the ends of the glycans can be used to calculate the average 
length of all glycan strands in the murein by determining the 
ratio of all muropeptides to all 1,6-anhydromuropeptides (48). 
Depending on the growth conditions, an average length of 
about 29 disaccharide units was found. A surprising result was 
obtained when analyzing the length distribution of the glycan 



strands by HPLC (62). It turned out that most of the strands 
are rather short, with lengths of around 5 to 10 disaccharide 
units, which equals about i/300 of the total circumference of 
the cell. The distribution showed an amazingly broad variation 
from 1 to more than 100 disaccharide units. Whether the 
extremely long strands have a specific function and topological 
localization in the sacculus is not known yet. 

SYNTHESIS OF THE MUREIN SACCULUS 

Membrane Translocation of Precursors 

The biosynthetic pathway leading to the polymer murein 
comprises three cellular compartments: cytoplasm, cytoplas- 
mic membrane, and periplasm (Fig. 5). The subunits of the 
biopolymer are synthesized in the cytoplasm as UDP-activated 
precursors (for a review, see reference 160), which are then 
translocated as lipid-linked compounds across the membrane 
and finally inserted into the preexisting miirein sacculus by 
murein synthases (Table 2). The translocation of the hydro- 
philic murein subunits is a crucial step in murein synthesis, but 
surprisingly little is known. 

For export into the periplasm, first the P-MurNAc-peri- 
tapeptide moiety of the cytoplasmic UDPMiirNAc-pentapep- 
tide is hooked via a pyrophosphate onto the C 55 isoprenoid 
iindecaprenylphosphate, also called bactoprenol. This lipid I 
precursor is completed to the final lipid II murein precursor 
molecule by the addition of GlcNAc from UDPGlcNAc (Fig. 
5). The transport of the lipid-bound disaccharide-pentapeptide 
precursors at a sufficient high rate that matches the rate of 
murein synthesis by all likelihood is catalyzed by additional 
proteins, not identified yet (flippases?). 

Inhibition of phospholipid synthesis, either directly or indi- 
rectly by inducing the stringent response (23), results in cessa- 
tion of murein synthesis (40, 77, 124). However, none of the 
enzymes involved in murein synthesis could be shown to be 
inhibited under these conditions. It has therefore been pro- 
posed that the translocation of the lipid II precursor depends 
on ongoing phospholipid synthesis (40). Likewise, the synthesis 
of the O-specific side chain of lipopolysaccharides, which also 
depends on the translocation of bactoprenol-linked subunits 
across the cytoplasmic membrane, is blocked when phospho- 
lipid synthesis is inhibited (40). 

One of the missing links for an understanding of the trans- 
location of the lipid-linked murein precursors may be the in- 
tegral membrane proteins RodA (73) and FtsW (86), which 
show a high degree of similarity to each other and are pre- 
dicted to have 10 membrane-spanning regions. An interaction 
of these two proteins with specific murein synthases, penicillin- 
binding proteins 2 and 3 (PBP2 and PBP3), respectively, which 
both are transpeptidases, has been shown (102). Thus, RodA 
and FtsW may be part of a tunnelling device directing the flow 
of the murein precursors directly to the membrane-anchored 
enzymes, which then insert the precursors into the preexisting 
murein sacculus. 

Bifunctional Enzymes 

Being transpeptidases, PBP2 and PBP3 are unable to syn- 
thesize or enlarge the murein net on their own (46, 51). The 
synthesis of cross-linked murein calls for the formation of two 
types of covalent bonds: glycosidic and peptide bonds (Fig. 2). 
All known synthases that are involved in the final steps of the 
synthesis of the murein sacculus are listed in Table 2. 
Transpeptidases have to cooperate with murein transglycosy- 
Iases, which catalyze the polymerization of the precursors to 
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Murein-Sacculu 



lytic tansglycosylases 
+ endopeptidases 




GlcNAc- anh MurNAc 
L-Ala 
D-Ghi 
m-A 2 pm 
~*(D-Ala) 



GlcNAc- anh MunM Ac 
L-Ala 
D-GIu 



GJcNAc-anhMurNAc 



arnpD 



cytoplasm 



L-AIa 
D-Ghi 
n>A2pm 



m-A 2 pm gicnac 



gtucosaminktase 



anh MurNAc 
L-Ala 
D-Ghj 
/n-A2prn 



\ 



MurNAc 
L-Ala 
D-GIu 
m-A 2 pm 
LVAIa 
D-Ala 



II precursor 

GlcNAoMurNAc 
L-Ala 
LVGlu 
rr?- A 2 pm 
gicnac-udp D-Ala 
D-Ala 



UDP 

murG J 



murY 



UVP 



arnpD 



anhMurNAc 



L-Ala 
D-GIu 
m-A 2 pm 



mpi 

r 



MurNAc-UDP 
L-Ala 
LVGlu 
m-A 2 pm 



murF 



D-Aia-O-Aia 



3-lactamase induction 



MurNAc-UDP 



•Ala 
D-GIu 
m-Ajpm 



MurNAc-UDP 
L-Ala 
D-GIu 
m-Ajprn 
D-Ala 
D-Ala 



FIG. 5. Recycling pathway of murein turnover products in E. colt. During growth, lytic transgrycosylases together with D,r>endopeptidases release monomelic 
1,6-anhydromuropcptides in the periplasm, which are mostly tripeptide derivatives due to the presence of a L,D-carboxypeptidase. The turnover products can enter two 
different metabolic pathways. In one case, they are first degraded by an amidase (AmiA) (161) in the periplasm to the disaccharide and the peptide, which can be 
transported into the cell by the general oligopeptide transport system (Opp) (53) or the specific murein peptide permease (Mpp) (118). The fate of the sugars is not 
well established. Alternatively, the turnover products cafi be taken up by the cell through. the AmpG transporter, which accepts intact muropeptides (99, 114). In the 
cytoplasm, the muropeptides are further degraded by an amidase (AmpD) with a specificity for 1,6-anhydromuropeptides (72, 81) and an AA-aastylgliicosaminidase 
(176), yielding free tripeptides, anhydro-MurNAc, and GlcNAc The intermediate 1,6-anhydro-A^-acetylmuramyltripeptide functions as an inducer of AmpC p-lacta- 
mases by interacting with the AmpR regulator (79). The tripepude can be reused directly for the synthesis of murein precursor molecules. A specific tripeptide Ugase 
(Mpl) (103) forms UDPMurNAc tripeptide, which is a normal intermediate of the de novo murein biosynthfetic pathway. Accordingly, a D-Ala-D-Ala dipeptide is linked 
to the tripeptide intermediate. The resulting UDPMurNAc-pentapeptide is then translocated to undecaprenyl phosphate, yielding the lipid I precursor that is 
supplemented by the addition of GlcNAc from UDPGlcNAc to the final lipid II precursor, the bactoprenol-1 inked disaccharide-pentapeptide. After its translocauon 
to the periplasmic side of the membrane, the precursor is inserted into the murein sacculus by trahspeptidation and transgrycosylation reactions catalyzed by the 
high-raolecular-weight PBP1A, PBP1B, PBP1C, PBP2, and PBP3. The released undecaprenyl pyrophosphate Is hydrolyzed to undecaprenyl phosphate before it can 
enter a new cycle. 



glycan strands (102). Interestingly, besides monofunctional 
murein trarisglycosylases (33, 58), bifunctional en2ymes that 
have transpeptidase as Well as transglycosylase activity and thus 
catalyze both reactions also exist (78, 109, 133). These are 



PBP1A, PBP1B, and PBP1C. They have sequence homologies, 
and all three have the conserved sequence motifs characteristic 
of transglycosyiases and transpeptidases. Despite this homol* 
ogy, PBPlC has a peculiar p-lactam specificity different from 



TABLE 2; Murein synthases of £1 cbli 



Map position 
kb mi: 



Gene 



Enzyme 



Size (kDa) 



Localization 



Refererice(s) 



3,520 75.9 ponA (mrcA) Transglycosylase/transpeptidase (PBP1A) 94.5 Inner membrane 17, 78 

165 3 6 P onB (mrcB) Transglycosylase/transpeptidase (PBP1B) 94.3 Inner membrane 17] 109 

2,645 57.0 pbpC Transglycbsylase/transpeptidase (PBP1C) 85.1 Inner membrane 133 

667 14.4 pbpA (mrdA) Transpeptidase (PBP2) 70.8 Inner membrane i 

92 2 -° f* 1 (P b P&) Transpeptidase (PBP3) 63.9 Inner membrane 110 

3 * 347 72.1 mgt Monofunctional glycosyltransferase 27.3 Inner membrane 33 
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J3^ -L-Ala-D-Glu-m-A2pm-D-Ala-D-Ala -COOH 



R-CONH 

Penicillin 



CH3 




PBP 



D-Ala 



jCy^L-Ala-D^lu- Y ^A2pm-D-Ala--C-O.Ser- PBP PBP-SerO- C 

Donorpeptide o V ^ O 

+ substrate-enzyme intermediates 

Acceptor peptide V 
HOOC- D-Ala-f7vA2pm-^)-Glu-L-Afa- j&> 




coort 



PBP 



^A^*-L-Ala-D-Glu-/n-A2pm-D-Ala 
I 

"OOC- D-Ala-fThA2pm^5-Glu-L-Ala- ^ £?* 



group of the penultimate D-Ala and the hydroxyl groupt £ serine in ^^SK^STSJ S 3 T ^ 3 COvatent b ° nd between ^ 

second reaction step, the mureinyl moiety fa transferred to t free e D to ^T^SSrfJ SS^S^ * formed, giving rise to a mureinyl enzyme intermediate. In a 
Concomitant with the formation of the c?oss-lXth^BP SS S^^^ 3Cld m a . n ° thcr P e P* ide m * iet y O^P"' P^de). 

to the cleavage of the D-Ala-D-Ala bond during the ^Deo^tion thtTLl^ rf„! ' „ / enzyme with penicillin is indicated on the right. By analog 

mureinyl enzyme intermediate, the pemciS ? CnZymC intermed ^ is formed. In contrast to tte 

substrate for PBP, G, GlcNAc; M, P MurN>4; ZZ *SSS^Vttt^ nto^n^^r™^ ^ * * Und ° f Mttto 



that of PBP1A and PBP1B (133). At least one of either PBP1A 
or PBP1B is essential for growth, since a deletion of both genes 
is lethal (143). As explained below, these bifunctional enzymes 
are probably the main murein-synthesizing enzymes. 

Transglycosylation 

The transglycosylation reaction is likely to catalyze the trans- 
fer of a nascent lipid-Iinked murein strand onto the C-4 carbon 
of the glucosamine residue in the lipid-linked murein precur- 
sor (Fig. 2). Undecaprehyldiphosphate is released during this 
process. This mechanism has experimentally been proven for 
murein transglycosylation in Bacillus licheniformis (169). 
Transglycosylation is inhibited by the glycolipid antibiotic 
mdenomycin, which binds to the active site of the enzyme due 
to a structural analogy to the lipid-linked murein precursor 
(123). It is not clear what determines the length of the murein 
strands and how the growing strand is released from the en- 
zyme. In any case, the strand is terminated by a 1.6-anhydro- 
MurNAc. Either it is accomplished by a kind of idling reaction 
that results in an intramolecular glycosyl transfer of the grow- 
ing strand onto the C-6 hydroxyl group of the terminal mu- 
ramic acid rather than onto the lipid II precursor, dr a contin- 
uously polymerized strand is broken down by the action of 
endolytic transglycosylases. Such an enzymatic specificity has 
recently been identified in E, coli (94). 

D,D-Transpeptidatioh: the Target of Penicillin 

The transpeptidation reaction has been analyzed in quite 
some detail, because it is the target of p-lactam antibiotics (45, 



46, 142, 150, 174) (Fig. 6). The reaction is a two-step mecha- 
nism. First, the D-Ala-r>Ala moiety of the pentapeptide pre- 
cursor is cleaved and an enzyme-substrate intermediate is 
formed, with concomitant release of the terminal D-Ala. Due 
to a structural analogy of penicillin to D-alanyl-o-alanine, the 
enzyme can also react with penicillin and cleave the p-lactam 
bond, forming a peniciiloyl-enzyme intermediate. In a second 
step, the mureinyl-tetrapeptidyl moiety but not the penicilloyl 
group is transferred to an acceptor, normally the non-alpha 
amino group of the dibasic amino acid in a second murein stem 
peptide. Penicillin functions as a suicide substrate in this reac- 
tion by freezing the reaction at the peniciiloyl-enzyme inter- 
mediate. . 

ITie transpeptidation reaction is energized by the hydrolysis 
of the D-Ala— D-Ala bond of the pentapeptide. Therefore, the 
pentapeptide is called the donor. Whereas the donor for the 
transpeptidation must be a pentapeptide, the acceptor that 
presents a free amino group could be a penta-, tetra-, or tri- 
peptide. In the final product, the peptide bridge, the presence 
of a free ammo group at the A^m residue marks the peptide 
that played the role of the donor during transpeptidation 
Because of the free amino group in the donor peptidyl moiety 
higher oligomers can be formed. Theoretically, there is no 
limit; however, only dimeric, trimeric, and tetrameric cross 
badges have been detected in the murein of E. coli (50). 

L,D-Transpeptidation 

The overwhelming majority of cross bridges (about 93%) are 
formed by D,D-peptide bonds between D-Ala and /n-A 2 pm. In 
addition, a small number of L,D-cross-links between two 
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m-A2pm residues is present (50) (Fig. 4B). It is still unknown 
how the cross-links between two diaminopimelic acid residues 
are formed. The enzyme is not known, and we have no infor- 
mation about the energy donor for this reaction. However, it is 
likely that a tetrapeptide functions as a donor in a transpepti- 
dation reaction catalyzed by an t^r> transpeptidase. The same 
enzyme may also be involved in the exchange of D-Ala with 
other D-amino acids that takes place when E. coli is grown in 
the presence of various D-amino acids (22). L,D-Transpeptida- 
tion seems important for the cell under conditions where no 
pentapeptides are present in sufficient amounts. A dramatic 
increase in the relative number of A 2 pm-A 2 pm cross-links has 
been observed at the onset of bacteriolysis caused by various 
agents and in the stationary phase of growth under conditions 
where pentapeptide donors that could drive the normal cross- 
linking reaction are in short supply (13, 39, 49, 92, 113, 120, 
166). An L,r>transpeptidation reaction is expected to be insen- 
sitive to p-lactam antibiotics. Hence, this reaction may support 
the survival of bacteria in the presence of low concentrations of 
penicillins. 

A BAG-SHAPED EXOSKELETON CALLED 
THE SACCULUS 

Isolated Murein Sacculi 

Murein is formed into a spectacular three-dimensional 
structure, a hollow body that completely surrounds the bacte- 
rial cell (71, 116, 126, 170). It has the shape and size of the 
bacterium; indeed, it is a gigantic molecule (Fig. 7). Sacculi can 
be isolated in their intact structure but never in their native 
three-dimensional shape, which inevitably is lost when the cel- 
lular pressure is released. Because of the high tension in the 
murein layer as a result of the cellular turgor, it has been 
argued that the meshes in the murein net must adopt a hex- 
agonal form (89). However, due to the different elasticities of 
the materials from which the net is made, stiff glycans and 
highly flexible peptides (96, 97), a more rectangular shape of 
the meshes is expected to be formed, but we do not know the 
true native form. Nevertheless, isolated sacculi reflect the spe- 
cific shape of the cell from which they have been prepared. 
This illustrates that the murein sacculus maintains the mor- 
phology of the bacterium. Unfortunately, until now it has not 
been possible to obtain a detailed image of the structure by 
electron microscopy or by any other modern technique (16, 87, 
97). Thus, it is still not known how the threads in the net are 
arranged with respect to the overall shape of the sacculus. 
Moreover, it is still uncertain whether some kind of order exists 
at all. As discussed below, an ordered structure would greatly 
facilitate persistence of the shape during growth and division. 
Furthermore, the murein sacculus is likely to have a specific 
cutting pattern and therefore may not only maintain but also 
determine the specific shape of a bacterium. 

Arrangement of the Glycan Strands 

For physical reasons, an arrangement of the glycan strands, 
which are rather stiff and have only restricted flexibility (97), 
perpendicular to the long axis of the rod-shaped sacculus 
would be most appropriate, since the stress in the wall is twice 
as high in the hoop direction as in the longitudinal direction. 
Indirect experimental evidence for an arrangement of the gly- 
can strands perpendicular to the long axis was obtained when 
isolated murein sacculi were partially digested by an endopep- 
tidase (162) or disrupted by sonication (163). This resulted in 
electron micrographs showing a preferential striping of the 



sacculus in the hoop direction. This conclusion has recently 
been questioned, since digestion with a muramidase resulted in 
a similar appearance of the sacculi (32), suggesting that the 
observed striping probably does not reflect the arrangement of 
the glycan strands. Hence, experimental proof is still missing. 
Furthermore, it is not known whether the strands are oriented 
parallel or antiparallel to one another. 

As pointed out > above, cross-linkage is the result of a 
transpeptidation from a donor peptide to an acceptor peptide 
(Fig. 6). The formation of cross-links between the glycan 
strands could therefore be either uniform, with all the peptides 
of one strand playing the role of either donors or acceptors, or 
random. It is more likely that during synthesis a given b [func- 
tional transglycosylase/transpeptidase enzyme polymerizes the 
disaccharide precursors and catalyzes cross-linkage, always in 
the same direction, to a neighboring acceptor strand. As a 
consequence, strands with exclusively donor peptides, charac- 
terized by the presence of a free epsilon amino group at the 
A2pm residue, would alternate with strands substituted exclu- 
sively with acceptor peptides having their epsilon amino group 
of the A^pm in the cross-linking peptide bond (Fig. 7b; also see 
Fig. 12). 

The analysis of the lengths of the glycan strands revealed 
that most of the strands are extremely short relative to the 
circumference of the cell (62; see above). For an ordered 
structure of the murein sacculus, the glycans are likely to be 
aligned with ring structures around the cell (Fig. 7b). During 
growth, the lengths are altered by the action of exo- and en- 
dolytic transglycosylases, as has been shown by pulse-chase 
experiments (see below). It is also possible that strands are 
linked by enzymes that utilize the energy stored in the 1,6- 
anhydromuramic acid residues. 



Murein Surface Density 

The murein sacculus of E. coli is probably made of only one 
continuous stress-bearing layer with a maximal thickness of 
about 7 nm (116, 173). A neutron small-angle scattering study 
suggested that about 75 to 80% of the murein sacculus is single 
layered, with the rest being triple layered (98). Despite this thin 
structure, the amount of murein per unit of cell surface area 
can be reduced by 50% without affecting the morphology and 
growth of the cells (121). This indicates that even ah extremely 
loosely woven murein net is able to maintain mechanical sta- 
bility. The permeability characteristics of the murein net have 
been studied by determining the effective pore sizes of isolated 
sacculi with fluorescein-labelled dextran probes with different 
molecular weights (30). The results of these studies suggest 
that the murein net is an effective hindrance for globular pro- 
teins of more than 50 kDa in their attempts to pass through the 
sacculus. Recent findings indicate that specialized murein hy- 
drolases seem to be involved in the transenveiope transport of 
bulky proteins (35). 

Elasticity of Murein 

The rod-shaped murein sacculus can be extended in the 
direction of both axes because the threads of the murein net do 
not form a completely closed structure in either direction. In 
particular, the peptides are rather flexible and can be stretched 
to fourfold the length of their most compact conformation. 
Experiments with isolated murein sacculi have shown that they 
can reversibly increase in surface by up to 300% above the 
relaxed conformation (75, 89). 
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FIG. 7. Murein sacculus of E. colx. (a) Electron micrograph (agar filtration) (prepared by H. Frank) of an isolated murein sacculus Rar 0 s „m rM m«i;,.h 
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MUREIN METABOLISM DURING GROWTH 

Cell Elongation and Cell Division 

The metabolism of the murein sacculus during bacterial 
growth has been studied by continuous, pulse, and pulse-chase 
labelling experiments (21, 25, 29, 39, 50, 108, 112, 120, 171, 172, 
175). It became clear that murein is by no means a static, rigid 
layer but a highly dynamic structure, as one would expect for a 
structure that grows and divides. Studies with synchronously 
growing cultures clearly showed that the mode of murein 
growth is different during elongation and cell division (26, 29, 
49, 175). Whereas multiple murein strands are inserted side by 



side during constriction, single strands are inserted between 
preexisting old murein strands during elongation. It has been 
proposed ori the basis of studies with morphology mutants of 
Klebsiella pneumoniae and E. coli, as well as of the specific 
effects of certain p-lactam antibiotics, that rod-shaped bacteria 
have at least two systems, one specifically responsible for cell 
elongation and one specifically involved in the formation of 
new poles by cell constriction (132). These two systems can be 
nicely correlated with the specific activity of two distinct pro- 
teins: PBP2, which is specific for elongation, and PBP3, which 
is specific for cell division (142). According to the "two-com- 
peting-site" model, the final shape (rod versus sphere) is de- 
termined by the balance of these two enzyme systems (100). 
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FIG. 8. Maturation of murein. Changes in the relative amounts of defined muropeptidc structures in the murein of E. <oli were analyzed by pulse -chase labelling 
experiments. Exponentially growing Ajpm auxotrophic & coli W7 (with a generation time of 30 min) was pulse-labelled with [ 3 H]diaminopimelic acid for 2 min and 
chased for different times as indicated. Experimental details are given in reference 49. (A) Changes of the major monomeric muropeptides. Solid circles, LysArg- 
modifted disaccharide tripeptides; open circles, disaccharide tri peptides; triangles, disaccharide penta peptides. (B) Alteration in time of the anhydromuropeptides 
representing the chain ends. Solid circles, monomers; open circles, cross-linked muropeptides; dotted line, total amount of anhydromuropeptides. (C) Changes in the 
cross-linkages. Solid squares, cross-linkage by D^Ajpm-Ala; open squares, cross-linkage by L^D-A 2 piii-A 2 pm. (D) Distribution of labelled diaminopimetic acid in donor 
and acceptor peptides of cross-linked muropeptides. Solid circles, muropeptides cross-linked by two tetra peptides; open triangles, muropeptides cross-linked by one 
tri- and one tetrapeptide; solid squares, trimeric muropeptides cross-linked by three tetra-peptides. 



Maturation of Murein 

Quite a number of changes in the muropeptide composition 
take place as the murein ages (13, 19, 31, 49, 120, 156). The 
most important ones are shown in Fig. 8. Some processes, such 
as the decrease in pentapeptide side chains, are rapid. Some 
are slow, taking almost one generation; these include the in- 
crease in tripeptide side chains, the increase in cross-linkage 
and the decrease in the average length of the glycan strands. - 
Also, the addition of the murein lipoprotein is a slow process, 
as indicated by the kinetics of the increase in the number of 
LysArg-substituted muropeptides that represent the attach- 
ment points (14). 

An interesting observation was made when the stability of 
different peptide bridges was monitored during a chase (49). 
It was found that they are cleaved with different kinetics 
(Fig. 8D) and reach different final plateaus even though 



murein recycling in particular affects the results of longer 
chase periods by levelling them to 50% cleavage, thereby 
obscuring the real degree of breakage of the cross bridges. 
Whereas most of the dimeric peptide bridges consisting of a 
tetrapeptide and a tripeptide (tetra-tri) and the trimeric 
cross-links were cleaved in one generation, only about half 
of the dimeric peptide bridges consisting of two tetrapep- 
tides (tetra-tetra) were split in the same time. This was 
surprising because the two dimeric cross bridges, either tet- 
ra-tetra or tetra-tri, are cleaved by endopeptidases with sim- 
ilar K m and K max values when present in isolated muropep- 
tides (69, 83, 153). Therefore, they must have different 
functions in the growing sacculus. 

A most important finding was the demonstration not only 
that covalent bonds are cleaved during growth but also that 
muropeptides are released from the murein meshwork (56, 
57). Although the sacculus is a monolayer, dramatic turnover is 
going on during growth. 
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Murein Turnover 

The phenomenon of murein turnover in E. coli was detected 
rather kite because turnover is coupled to murein recycling (52, 
114). The turnover material that is released at a rate of 40 to 
50% per generation is quite efficiently recycled (Fig. 5). About 
90% of the turnover material is reinserted into the murein 
sacculus. The turnover products are 1.6-anhydro-MurNAc-p- 
1,4-GlcNAc-tetra- and tripeptides, indicating that they are 
released by the action of lytic transglycosylases (see below). 
The absence of dimers or trimers suggests that turnover is due 
to the concerted action of both lytic transglycosylases and 
endopeptidases. The turnover products accumulate in the 
periplasm, from where they are reimported into the cytoplasm. 
Several recycling pathways exist (Fig. 5). 

Murein Recycling 

The major route for the uptake of the turnover products is 
via the transporter protein AmpG (99, 114), a transmembrane 
protein proposed to act as a specific permease for intact mu- 
ropeptides, which are mostly tripeptide-substituted muropep- 
tides due to the presence of an L,r>carboxypeptidase in the 
periplasm (7, 159). In the cytoplasm, the murppeptides have to 
be trimmed to the size that allows reutilization for the synthesis 
of murein precursors. A P-JV-acetylglucosaminidase splits the 
disaccharide (117, 176), and an amidase (AmpD) cleaves off 
the peptide (72, 81). Interestingly, AmpD has a specificity for 
1,6-anhydro neuropeptides and therefore does not hydrolyze 
the murein precursor molecules such as UDPMurNAc-pen- 
tapeptide also present in the cytoplasm. 

Besides intact muropeptides, degradation products of the 
turnover material are also taken up by the cell. The presence of 
an amidase (AmiA) in the periplasm causes degradation of the 
turnover products to their peptide and sugar parts (161). The 
peptides are taken up by the cell via two peptide transport 
systems, by a general oligopeptide permease (Ojpp) (53), and 
by a specific murein peptide permease (Mpp) (118). To avoid 
the need for a complete breakdown of the peptides to the 
amino acid level, a specific ligase (mpf) exists that catalyzes the 
attachment of the tripeptide to UDPMurKAc (103). 

P-Lactamase Induction 

A recent finding established that the intracellular concen- 
tration of the murein turnover products can be measured by 
the cell (79, 80, 115). The induction of the inducible AmpC 
3-Iactamase of enterobacteria responds to a signalling mu- 
ropeptide that accumulates in the cytoplasm when growth is 
affected by the presence of penicillin (Fig. 5). Under these 
conditions, the rate of murein breakdown is increased com- 
pared to the rate of murein synthesis, resulting in an increase 
in murein turnover products. The signal seems to be the 1,6- 
anhydromuramyltripeptide, which, by interacting with the 
AmpR regulator protein, induces AmpC expression (79). It 
has been proposed that" the cell uses murein turnover as a 
general sensing device to obtain information on the actual 
state of the stress-bearing sacculus to enable the cell to re- 
spond properly to changes that may affect the mechanical sta- 
bility of the cell (115). 

GROWTH AND DIVISION OF THE SACCULUS 

Murein Hydrolytic Activity 

To enlarge a completely closed string bag, meshes have to be 
cleaved to permit the insertion of new material between the 
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existing netting (66, 69, 71, 137, 139, 170). For this reason, in 
addition to murein synthases, enzymes capable of cleaving 
bonds in the murein sacculus are expected to participate in the 
growth process. Moreover, it is predicted that murein hydro- 
lytic activity is an essential function. However; since murein 
hydrolases are present in a surprisingly large number and 
broad variety of different specificities (44), final proof of this 
claim is difficult (Tabled). 

As indicated in Fig. 2, specific hydrolases exist for almost 
each covalent bond in the murein in E. coli (139). Some of the 
enzymes accept only the intact high-molecular-weight murein 
sacculus as a substrate, whereas others are active only on 
soluble degradation products. The diversity of murein hydro- 
lases (Table 3) reflects the manifold functions that these en- 
zymes fulfill. Besides their essential pacemaker role for growth 
of the sacculus, they are involved in turnover and recycling of 
murein, as discussed above. Importantly, some of the murein 
hydrolases are potentially autolytic enzymes (151, 170). They 
can cause bacteriolysis when acting in an uncontrolled manner. 
The potentially autolytic system of E. coli consists of the lytic 
transglycosylases, the endopeptidases, and one of the amidases 
(AmiC). 

An interesting reaction is catalyzed by the so-called lytic 
transglycosylases, which are peculiar lysozyme-like enzymes 
that cleave the 0-1,4 glycosidic bond between GlcNAc and 
MurNAc (Fig. 9) (67, 144, 146). However, unlike lysozyme, 
they do not transfer the glycosyl moiety onto water but onto 
the C-6 hydroxyl group of the muramic acid. Hence, they are 
catalyzing an intramolecular glycosyl transferase reaction 
(149). The X-ray structure of one of these enzymes, Slt70, 
revealed that the active site resembles the fold of goose-type 
lysozyme (148). The product, the 1.6-anhydro muramic acid 
structure (Fig. 4A and 9), blocks the otherwise reducing end of 
the glycan strands. The meaning of this ring structure, which 
contains part of the chemical energy of the glycosidic bond that 
has been cleaved, is not known. It has been speculated that the 
bond energy may be utilized for some rearrangements of the 
glycan strands, such as the joining of strands to produce longer 
ones or the resealing of strands that had been cleaved. Another 
suggestion is that the 1,6-anhydro ring is a specific marker for 
murein turnover products as opposed to murein precursor 
molecules. 

Recently, it has been shown that some of the lytic transgly- 
cosylases are lipoproteins residing in the outer membrane of 
the cell envelope (34, 41, 94, 101). Exo- and endolytic transg- 
lycosylases exist in E. coli (Table 3). The exolytic transglyco- 
sylases are processive enzymes that, starting at one end of the 
glycan strands, split off one disaccharide unit at a time. Con- 
sequently, these exoglycosylases cleave the murein sacculus in 
a zipperlike fashion (Fig. 9). Biochemical evidence indicates 
that the enzymes start at the glucosamine end (6, 129), whereas 
theoretical considerations based on the three-dimensional 
structure of the Slt70 suggest that the 1,6-anhydromuramic 
acid is the starting point (149). 

The Problem of Enlarging a Stress-Bearing Structure 

The concerted action of murein hydrolases and synthases 
that is needed to enlarge the covalently closed murein sacculus 
must be well coordinated to avoid the risk of lysis as a result of 
rupture of the stress-bearing sacculus and to maintain the rod 
shape (87, 88). There are two predominant ways in which 
murein hydrolases and synthases could cooperate during 
growth. One possibility is that the hydrolases act first and 
introduce cuts into the meshwork to create insertion points for 
fitting in new material by synthases (116). The other -is that the 
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TABLE 3. Murein hydrolases of E. coli 



Enzyme Size (kDa) 



Localization 



Reference(s) 



Soluble It 70 (Slt70) 
Membrane-bound It A (MltA) 
Membrane-bound It B (MltB) 
Soluble It 35 (SIt35) (proteolytic 

product of MltB) 
Membrane-bound It C (MltQ 
Endospecific membrane-bound 

ItA (endo-Mlt) 



Muramyl-L- alanine amidase A 
Muramyl-L-alanine amidase B 
Muramyl-L-alanine amidase C 
N-Acetylanhydromuramyl-L- 
alanine amidase 



PBP4 (additional d,d- 

carboxypeptidase IB activity) 
PBP7, PBP8 (proteolytic 

product of PBP7) 
MepA 

D,r>Carbbxypeptidase (PBP5) 
D,D-Carboxypeptidase (PBP6) 
D,r>Carboxypeptidase (PBP6B) 



70 
38 
39 
35 



Periplasm 
Outer membrane 
Outer membrane 
Periplasm 



42, 61 
101, 158 
41 

36, 43 



40 

22 


Outer membrane 
Outer membrane 


34 
94 


37 


Cytoplasm 


117, 145 


28 
48 
43 
20.5 


Periplasm 
Periplasm 
Periplasm 
Cytoplasm 


154 
155 
147 
72, 81 


48 


Membrane associated 


93, 106 


31 


Membrane associated 


63, 127, 157 


28 


Periplasm 


84 


40 
40 
433 


Inner membrane 
Inner membrane 
Inner membrane 


18 
18 

2 



new material is hooked to the sacculus by synthases before 
covalent bonds within the attachment sites of the added 
murein are cleaved by hydrolases (89, 90). The new material 
will then automatically be pulled into the layer due to the 
existing tension in the surface. The latter strategy, which has 
most appropriately been named by Arthur Koch the "make- 
before-break" strategy, is realized in the inside-to-outside 
growth mechanism of the multilayered peptidoglycan of gram- 
positive bacteria (Fig. 10) (90). ' 

It is obvious that enlargement of the monolayered sacculus 
of gram-negative bacteria is an even more difficult task and 
must follow a particular well-suited strategy. Any growth 
model that attempts to explain the enlargement and constric- 
tion of the monolayered murein of E. coli must find an answer 
to the important findings of murein turnover, the presence of 
trimeric cross-bridges, and the short half-life of tnmers and 
tetra-tri dimers but not of tetra-tetra dimers (49, 50). 

Speculative Views on the Growth Mechanism of the Murein 
Sacculus of Gram-Negative Bacteria 

On the basis of the results of pulse-labelling experiments, 
which clearly show that single strands are inserted into the 
sacculus during cell elongation (26, 29, 119), it has been pro- 
posed that a bifunctional transglycosylase/transpeptidase m co- 
operation with an endopeptidase moves around the sacculus 
and inserts a single new strand between the preexisting ones 
(20, 116, 119). The endopeptidase, by cleaving the peptide 
cross bridges, would pave the way for the insertion and cross- 
linking to the neighboring strands of the newly synthesized 



murein strand. This model (Fig. 11), which has been presented 
by Park (116, 119), not only is in accordance with the pulse- 
labelling results, which show that during the pulse cross-links 
are exclusively formed between the newly synthesized glycan 
strands and the preexisting murein sacculus, but also could 
explain the finding that after a defined time span of about 8 
min a steadily increasing number of cross-links is made be- 
tween the newly synthesized and therefore labelled material. 
This has been interpreted to reflect a processive insertion of 
single glycan strands by a membrane-linked enzyme that moves 
unidirectionally around the circumference of the cytoplasmic 
membrane. After a certain period (8 min in the experiment 
referred to), one round is completed and a new ring of glycan 
strands is inserted next to and cross-linked to the previous ring 
of glycans. This mechanism, which does not follow die make- 
before -break strategy, would depend on a tight coordination of 
the synthase with the hydrolytic endopeptidase. According to 
this model, murein turnover would not be a result of the 
growth strategy but would be a process of its own. As men- 
tioned "above, it has been argued that murein turnover repre- 
sents a sensing device for the structure of the murein sacculus 
(115). In addition, following this insertion mechanism of single 
glycan strands, the purpose of trimeric muropeptides remains 
unclear. 

With reference to the inside-to-outside growth mechanism 
of gram-positive bacteria and in consideration of the results of 
the studies on the murein metabolism, another model has been 
put forward to describe the growth of the murein sacculus of E. 
coli (65, 68-70). It is postulated that new material is attached 
to the existing murein before covalent bonds are cleaved to 
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FIG. 9. Mode of action of exoglycosylases. The processive degradation of 
murein strands by a lytic transglycosylase is shown. Structures shown in light grey 
depict released (soluble) muropeptides. The circle represents the enzyme mol- 
ecule, with the thin circle marking the site from where the exoenzyme started its 
action. G, GlcNAc; M, MurNAc; bars and arrows indicate acceptor and donor 
peptides, respectively. 



promote the insertion of the new material into the layer under 
stress (Fig. 12). 

One idea suggested itself, namely, that the trimeric cross 
bridges may function as attachment structures for new mate- 
rial. At this specific structure in the sacculus, the three linked 
glycan strands are arranged in different planes: one strand is 
positioned above or below the plane defined by the other two 
strands. In an otherwise monolayered murein, the existence of 
such a structure suggests a specific function. Furthermore, the 
trimeric cross bridges were found to have short half-lives (Fig. 
8), as would be expected for attachment structures, since they 
v would represent functional intermediates. In addition, the total 
number could be quite small, depending on the number of 
growing points, which has been calculated to be around 200 
(116). Hence, the low percentage of trimers is in accordance 
with the idea that they may function as attachment sites for 
new murein. 

To allow for smooth growth of the murein layer, the amount 
of material first added and then inserted should be small (89). 
The smallest patch of murein that can be added to the smallest 
attachment structure, one glycan strand, for structural reasons 
is a patch of three (not two) cross-linked glycan strands. As 
depicted in Fig. 12, a murein triplet in a relaxed state can be 
hooked underneath a single strand, a kind of docking strand, in 
the murein layer under stress. The triplet can be covalently 
linked to the sacculus by transpeptidation of the peptide moi- 
eties of the two outer strands of the triplet to the free epsilon 
amino groups of Ajpm residues in the peptide cross bridges on 
both sides of the docking strand. The attachment sites are 
trimeric cross bridges. Specific removal of the old strand with- 
out rupture of the murein netting is possible only if such 
murein strands function as docking strands that are substituted 
by peptides with no free amino groups and are cross-linked to 
strands substituted by peptides that have a free epsilon amino 
group at the A^m residue. With such an arrangement, the * 
attachment sites of the murein triplet will enclose the D-Ala- 
(D)-m-A 2 pm peptide bonds that have to be cleaved for the 
specific removal of the docking strand (Fig. 12). Upon release 
of the old strand, the newly added triplet is automatically 
pulled into the layer under tension. As a result of this opera- 
tion, one preexisting strand is replaced by three new ones. 
Hence, the mechanism has been called the three-for-one 
growth strategy. Accordingly, the observed murein turnover 
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would be a direct outcome of the growth mechanism used by 
the bacterium. The difference in the half-lives of the two types 
of dimeric cross bridges will be addressed below. 

A stepwise synthesis of the triplet during growth of the 
cylindrical middle part of the sacculus is suggested by the 
findings of pulse-labelling studies, which show that during cell 
elongation newly synthesized (i.e., labelled) strands are at- 
tached one at a time to preexisting, nonlabelled murein (26, 29, 
119). This result excludes the possibility that the murein triplet 
is synthesized in one piece. Rather, it may be formed by syn- 
thesis and cross-linkage of two newly synthesized strands to 
both sides of an already existing murein strand (Fig. 13A). The 
preexisting single murein strand, which may be called a primer, 
is assumed to be polymerized by monofunctional transglyeosy- 
lases known to be present (Table 2). Although it must be 
pointed out that there is no convincing experimental evidence 
for the existence of unbound glycan strands that could function 
as primers (19, 54, 104), considering the small number of 
growth sites (100 to 200), the number may indeed be quite 
small and difficult to detect. 



Constriction of the Murein Sacculus 

An appealing feature of the three-for-one model is the fact 
that cell division can be envisaged by the very same mechanism 
(Fig. 13B). During cell division, the addition of triplets of 
glycan strands is directed exclusively to the murein docking 



strands at the site of cell division. To keep pace with the rate 
of murein synthesis during cell division, which takes place in a 
sharp zone (32, 108, 112, 138, 171, 175), the triplets may have 
to be synthesized in one step by a complex of three murein 
synthases, as indicated in Fig. 14. Indeed, unlike cell elonga- 
tion, cell division occurs by the simultaneous insertion of sev- 
eral newly synthesized strands side by side (29, 112). The three- 
for-one mechanism of murein synthesis that guarantees a safe 
enlargement of the sacculus during cell elongation would also 
make cell division a safe process. At no time point during 
growth and division is the integrity of the stress-bearing murein 
sacculus affected. 

Electron microscopic autoradiography studies have shown 
that murein synthesis during cell division takes place primarily 
in a sharp growth zone whereas the diffuse incorporation that 
occurs all over the cylindrical part of the sacculus during ceil 
elongation is turned down (32, 175). Constriction is accom- 
plished by a mechanical device that pulls the membrane-bound 
murein-synthesizing enzymes, probabiy assembled in a mul- 
tienzyme complex (see below), inward and therefore prohibits 
the insertion of the newly added triplets into the surface of the 
cylindrical part of the sacculus. According to the three-forrone 
mechanism, a triple-layered murein diaphragm would be 
formed, if this structure was immediately cleaved by the hy- 
drolytic removal of the middle layer (Fig. 13B). As a result, a 
cleavage furrow is formed. Constriction proceeds by the addi- 
tion of further triplets to the leading edge of the furrow and the 
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FIG. 12. Model for the growth of murein following a make-before-break strategy (three-for-one growth model). Three crossrlinked glycan strands from the 
monolayered, stress-bearing murein are shown in grey. A triple pack of newly synthesized, cross-linked glycans still in a relaxed state is shown in outline. T)ie murein 
triplet is covalently attached to the free amino groups present in the donor peptides of the cross-links on both sides of a strand, called the docking strand, that is 
substituted by acceptor peptides. Specific cleavage of the preexisting cross-links (arrowheads) results in the replacement of the docking strand by the murein triplet. 
The rods represent the glycan strands. A2pm, diaminopimelic acid. 



continuous pull by the closing contractile ring structure (130). 
The contractile organelle is not well understood, but an im- 
portant component is the tubulin-like FtsZ protein, which po- 
lymerizes into a ring at the site of division (12, 107, 122). FtsZ 
was found to interact with a number of other proteins involved 
in cell division, including FtsA, FtsW, and ZipA (27, 86, 164). 

The final separation of the daughter cells is mechanistically 
a special event, where the two fused dome-shaped poles must 
be closed at their tips and must be detached from one another 
(47). After cell separation, the two new hemispherical polar 
caps of the daughter cells stop further insertion of murein 
precursors and do not grow any more (32). 



INDICATION FOR A MUREIN-SYNTHESIZING 
MACHINERY 

Hypothetical Multienzyme Complex 

During growth and division of the murein sacculus, the func- 
tions of several different enzymes, hydrolases and synthases, 
must be coordinated in both time and space. It has therefore 
been speculated that by analogy to the holoenzyme of DNA 
replication (85), murein growth may likewise be performed by 
a multienzyme complex, a holoenzyme of murein replication 
(65). 

Protein-protein interaction studies by affinity chromatogra- 
phy indeed demonstrated that murein hydrolases and syn- 
thases do interact with each other (128, 165). Lytic transgly- 



cosylases immobilized to a matrix (activated Sepharose) 
specifically retained the bifunctional transglycosylase/transpep- 
tidases PBP1A, PBP1B, and PBP1C, the transpeptidases PBP2 
and PBP3, and the endopeptidases PBP4 and PBP7. The same 
interactions could be shown when some of the PBPs were used 
as specific ligands. Surprisingly, it is this very group of enzyme 
specificities that is needed to enlarge murein according to the 
three-for-one growth mechanism. As illustrated in Fig. 14, a 
dimer of a bifunctional PBP (PBP1A or PBP1B) could supple- 
ment a preexisting primer murein strand to form a murein 
triplet, which in turn is then attached to the sacculus by 
transpeptidation catalyzed by a dimer of a transpeptidase such 
as PBP2 or PBP3. The docking strand could be removed spe- 
cifically by the concerted action of a dimer of an endopeptidase 
(PBP4 or PBP7) splitting the cross bridges to the left and right 
of the old strand and a lytic transglycosylase, either Slt70, 
MltA, or MltB, depolymerizing the polysaccharide strand. 

Since cell division takes place with the simultaneous inser- 
tion of multiple strands, the murein-synthesizing machinery 
responsible for cell constriction may synthesize a murein triplet 
in one step (Fig. 14). Therefore, it is postulated that the divi- 
sion machinery contains an additional monofunctional trans- 
glycosylase that synthesizes the middle strand of the triplet. 
The cell division machine also differs from the elongation ma- 
chinery by the presence of the transpeptidase PBP3. By con- 
trast, PBP2, the transpeptidase that is known to be responsible 
for the rod shape, would be a specific component of the elon- 
gation complex (Fig. 14). 
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FIG. 13. Cell elongation and cell constriction according to the three-for-one growth mechanism. (A) Murcin synthesis during cell elongation is proposed to use 
preexisting free glycan strands (primer strands) that are supplemented to form murein triplets by the synthesis and cross-linkage of two strands on both sides of the 
primer strand. The triplet is then attached to the peptide bridges on the right and left of the docking strand in the stress-bearing murein layer. Removal of the docking 
strand by murein hydrolases results in the insertion of the murein triplet into the murein sacculus. (B) During cell constriction, three glycan strands are simultaneously 
synthesized and cross-linked to one another to form a murein triplet that is attached underneath a docking strand located at the site of cell division. Formation of a 
constriction is the outcome of the repeated addition (dotted lines) of murein triplets, each followed by the release of the middle strand and an inward pull of the 
membrane-anchored enzymes resulting from the contracting FtsZ ring (12, 107, 122, 130). The glycan strands are represented by rods, and the peptide bridges are shown 
by lines (acceptor peptides) and arrows (donor peptides). 



Control of Potentially Autolytic Enzymes 

Formation of a multienzyme complex, a murein-synthesizing 
machinery, would be advantageous not only for the coordina- 
tion of the action of the different enzymes involved in the 
multistep process of growth and division of the murein saccu- 
lus but also for control of the potentially autolytic murein 
hydrolases. It seems that insertion into the complex may be the 
only way for the murein hydrolases to attack their substrate, 
the murein. This kind of topological control of the murein 
hydrolases is indicated by the observation that overproduction 
of cloned lytic transglycosylases, with one exception, does not 
result in rapid lysis as one would expect (10, 11, 101). The 
overproduced enzymes seem to be hindered from attacking the 
murein sacculus. If indeed the membrane-bound hydrolases 
could reach their substrate only when inserted into the com- 
plex, it would be an ideal control: in the complex, the murein 
hydrolases can be positioned behind the synthetic enzymes, 
which guarantees that they can cleave covalent bonds in the 
stress-bearing structure only after new material has been at- 
tached (Fig. 15). 

For the soluble Slt70, it turned out that the enzyme is rather 
labile except when it is being inserted into the complex. This 
was concluded from experiments showing that the addition of 
the endopeptidase PBP7 to purified enzyme preparations sta- 
bilized and greatly stimulated the enzymatic activity of Slt70 
(128). 

The lipoprotein lytic transglycosylases may be controlled by 
their anchorage to the outer membrane. Overproduction of the 
cloned lipoprotein MltA does not induce rapid lysis; only 
spheroplasts are formed (101). The membrane-bound enzymes 



may not be able to reach the murein layer, which is kept at a 
certain distance by the presence of the .murein-bound lipopro- 
tein (15, 74). Only by an interaction with the other proteins of 
the multienzyme complex may the membrane-anchored en- 
zyme bind to the murein sacculus. By contrast to an overpro- 
duction of MltA and Slt70, rapid lysis is observed during over- 
production of MltB (41). In this case, it was found that the 
enzyme can proteorytically be cleaved to a soluble, active form, 
called Slt35 (36), which can easily bind to the murein sacculus 
and cause autolysis. 

A murein-synthesizing machinery containing one of the Mlts 
would consist of proteins anchored to both membranes, since 
the PBP1A, PBP1B, PBP1C, PBP2, and PBP3 are bound to the 
cytoplasmic membrane whereas the Mlts are linked to the 
outer membrane (101). Interestingly, even the soluble Slt70 
was found to bind specifically to the outer membrane-facing 
side of the sacculus (167). Therefore, one would expect that 
the assembly of the machinery would give rise to the formation 
of membrane adhesion sites. Contacts between cytoplasmic 
membrane and murein at the sites of murein synthesis have 
been postulated before, since the murein precursors are still 
linked to the cytoplasmic membrane via the bactoprenol moi- 
ety when being incorporated into the sacculus (119). Indeed, 
adhesion sites, also called Bayer junctions, have been shown by 
electron microscopy (4), and increased murein-synthesizing 
activity has been observed in membrane fractions enriched in 
such sites (3, 76). More specifically, the presence of PBP1B in 
membrane contact sites has been demonstrated by immuno- 
gold labelling (5). 

The control of the murein hydrolases brought about by their 
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FIG. 14. Hypothetical murein-synthesizing enzyme complexes. Two similar 
multienzyme complexes may exist that would differ in their specificities mainly as 
a.result of the presence of either PBP2 (elongation complex) or PBP3 (constric- 
tion complex). The large circles represent the enzymes (LT, lytic transglycosy- 
Iase; EP, endopeptidase; TP, transpeptidase; TP/TG. Afunctional transpepti- 
dase -transglycosylase; TG, transglycosylase). The small circles indicate the glycan 
strands running perpendicular to the plane of the drawing (solid circles represent 
preexisting strands; open circles represent the newly synthesized murein triplet) 
Bars and arrows indicate the cross-linking donor and acceptor peptides. 

insertion into a complex together with murein synthases, al- 
though quite effective, is nevertheless not an absolute one, and 
autolysis can be triggered by several routes. The MS2 phage 
lysis protein, which by itself has no murein hydrolase activity, 
induces lysis by inducing the formation of contact sites between 
the inner and outer membranes (166, 168). It is tempting to 
speculate that this allows the membrane-bound lipoprotein 
lytic transglycosylases to interact with the murein without be- 
ing inserted into the multienzyme complex and thus to cause 
uncontrolled lysis. 

Surprisingly, all murein synthesis inhibitors, irrespective of 
their specific site of action, cause bacteriolysis rather than 
bacteriostasis (152). The general principle of all these murein 
synthesis inhibitors may be to cause the subcomplex of murein 
synthases to idle (152) while allowing the hydrolases to con- 
tinue to degrade the docking strand (Fig. 16). The idling could 
be due to either an interruption of the flow of murein precur- 
sors or a direct inhibition of the murein-synthesizing Afunc- 
tional enzymes in the complex. Penicillin tolerance of non- 
growing, starved cells that induced the stringent control (95 
125) is probably due to a dependence of the assembly process 
of the complex on ongoing phospholipid synthesis (40). There- 
fore, the complex is not formed in starved cells, with the result 
that the murein hydrolases have no access to the murein. This 
may be the molecular basis for the classical penicillin enrich- 
ment technique (105). 



MORPHOGENESIS OF E. COLI 

Cell Cycle of a Rod 

The specific, genetically determined shape of bacteria is 
precisely transmitted from generation to generation (24, 111, 
135, 141). Therefore, growth and division of the shape-main- 
taining murein sacculus must result in the formation of two 
identical -daughter sacculi. It has been proposed that this is 
accomplished by the parent sacculus playing the role of a 
template. 

Ei co li grows with a constant shape even when growing at 
different sizes (8, 24, 37). The specific rod shape of E. coli is 
defined by the ratio of the length to the width of the cylindrical 
middle part of the murein sacculus, assuming that the tube is 
closed at both ends by hemispherical caps with the diameter of 
the cylinder. The increase in cell size that takes place at higher 
growth rates (8, 38) is brought about by a proportional increase 
in length and width; hence, the ratio of the two parameters that 
defines shape is kept constant. 

Only three conditions have to be met during growth for a 
rod-shaped bacterium to maintain its given form. First the 
cylindrical middle part of the cell has to double in length- 
second, the diameter of the cylinder must be kept constant 
and third, constriction has to take place exactly at the midpoint 
of the cell. How the cell can define its equator is still an 
intriguing and unsolved question (28, 91, 131). However 
rather simple mechanisms could fulfill the other two require- 
ments, as will be discussed below. 

Maintenance of the Diameter 

If the murein sacculus had a certain ordered arrangement of 
its glycan strands and peptide bridges as described above (Fig. 
7), the diameter of the sacculus could be maintained by replac- 
ing the preexisting docking strands with strands of exactly the 
same length. This could be done by a copying mechanism with 
the old strands functioning as a template. It is conceivable that 
this is done by the murein-synthesizing machinery travelling 
along the docking strand (Fig. 15). By moving along the strand 
to be replicated, the enzyme complex synthesizes three copies 
and cross-links these along both sides of the template strand 
until it reaches the end of the template, where it dissociates off 
Thus, the length of the newly synthesized strands would be 
determined by the lengths of the preexisting ones. Importantly 
the total circumference of each ring structure, from whatever 
number and length of individual strands it is formed, will be 
maintained by such a copying mechanism. Growth at' numer- 
ous sites, randomly distributed all over the sacculus would 
result in a smooth elongation of the cell with the diameter 
being kept constant. Since, during maturation, the glycan 
strands in each cell cycle are altered in their length by ligation 
as well as cleavage reactions, the copying mechanism will not 
result in an accumulation of strands all with the same length 
which was a criticism of the process (89). 

Doubling in Length 

According to the three-for-one growth model, the murein 
sacculus grows and divides by inserting three new strands at the 
expense of one old strand. Replacement of all docking strands 
i.e., each second strand, in the cylindrical part of the murein 
sacculus by a murein triplet will precisely double the length and 
thus the amount of murein (Fig. 17). However, this holds true 
only if the replacement of the docking strands in the newly 
inserted murein triplets is blocked until cell division. It is there- 
fore proposed that the cross-links in newly inserted murein 
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FIG. 15. Proposed murcin rcplrcase holoenzyme in action. It is proposed that the multienzyme complex (Fig. 14) synthesizes three new murein strands (shown in 
grey), attaches these strands to the cross bridges on both sides of the docking strand (single grey strand), and at the same time degrades this strand by the concerted 
action of a processive lytic transglycosylase and a dimer of an endopeptidase. The complex slides along the docking strand with the murein synthases in front of the 
hydrolases, thereby acting according to the make-before-break strategy. LT, lytic transglycosylase; EP, endopeptidase; TP, transpeptidase; TP/TG, bifunctional 
transpeptidase-transgrycosylase; TG, transglycosylase. 



of cell division. Consistent with this argument, it has been 
shown that certain PBP3 mutants (ftsI23) that do not divide at 
the restrictive temperature could be suppressed by an increase 
in the level of the D,D-carboxypeptidases PBP5 and/or PBP6 
(9). However, in conflict with the model presented here, it was 
further concluded that the effect of the increase in D,D-car- 
boxypeptidase activity was an indirect one due to a final stim- 
ulation of the formation for tripeptidyl residues by the action 
of L,D-carboxypeptidases on the tetrapeptidyl groups produced 
by the D,D-enzyme. This conclusion was drawn from the finding 
that D-cycloserine, which increases the number of tripeptidyl 
residues in the murein due to an inhibition of the D-Ala-D-Ala 
adding enzyme, could also suppress thcftsI23 phenotype. How- 
ever, the effect could be observed only under certain conditions 
and only on agar plates, not in liquid cultures. Furthermore, as 
mentioned above, septal murein shows no increase in tetra-tri 
cross-links, and thus the claim that tripeptide side chains are 
the preferential acceptors for PBP3 in transpeptidation re- 
mains speculative. 

After cell division, the tetra-tri murein skin of the newborn 
cells will grow old during cell elongation by getting tetra-tetra 
cross bridges, and the cell must await another L,D-carboxypep- 
tidase "rejuvenation cure" to continue growth. Interestingly, 
an oscillation in L,D-carboxypeptidase activity during the cell 
cycle, with a peak at the time point of cell division, has indeed 
been demonstrated (7). 

HEREDITY OF STRUCTURAL INFORMATION 

Is the Murein Sacculus Playing the Role of a Template? 

The morphogenetic changes that take place during the cell 
cycle of bacteria are minor compared to the complex develop- 
mental processes during the propagation of eukaryotes (59). 
This raises the question whether an elaborate morphogenetic 



triplets differ from those present in the preexisting murein in 
such a way that only the preexisting murein but not the newly 
inserted one can accept new murein triplets. 

Possible Regulatory Function of Carboxypeptidases 

Indeed, there is a structural difference. As mentioned above, 
newly synthesized murein is cross-linked by tetra-tetra cross 
bridges whereas mature murein is characterized by the pres- 
ence of tetra-tri cross-links (49) (Fig. 8D), which are the prod- 
ucts of the action of i^p-carboxypeptidases. It is proposed that 
new murein triplets can be hooked only to preexisting tetra-tri 
cross bridges in the sacculus of the newborn cell due to the 
specificity of PBP2, the transpeptidase involved in cell elonga- 
tion (142). It follows that further growth automatically stops 
when all docking strands of the preexisting murein have been 
replaced, since this results in murein exclusively cross-linked by 
tetra-tetra peptides. This coincides with a doubling in the 
amount of murein and the length of the cylindrical part of the 
sacculus. Hence, the cell can recognize when to divide. To 
reinitiate growth, the tetra-tetra bridges have to be converted 
into tetra-tri cross-links by the action of an L,D-carboxypepti- 
dase (Fig. 18). A pulse in L,r>carboxypeptidase activity at the 
end of a cell cycle could therefore function as a signal for cell 
division and would start a new cycle. 

For cell division itself, D,D-carboxypeptidase rather than l,d- 
carboxypeptidase may be needed. Whereas PBP2 may depend 
on tetra-tri cross-links, PBP3, the transpeptidase specific for 
cell division, seems to depend on tetra-tetra cross-links (Fig. 
18), as indicated by the finding that mostly tetra-tetra cross- 
links are present in septal murein (29, 1 13). Since tetra-penta 
cross bridges are formed first and then modified to tetra-tetra 
cross bridges by the action of D,D-carboxypeptidases, the activ- 
ity of D,D-carboxypeptidase could be a limiting factor in the 
supply of sufficient amounts of tetra-tetra cross-links at the site 
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program. is needed to generate and maintain the specific shape 
of the bacterial cell as well. The existence of a simple structure, 
the murein sacculus, that is responsible for the specific form 
may facilitate bacterial morphogenesis by presenting a matrix 
for growth and division of the murein sacculus (135). Other 
examples of structural inheritance by nongenetic mechanisms 
are known in biology, in particular with ciliates (140). 

Several experiments suggest that the existing murein saccu- 



lus indeed serves as a template. In one series of experiments, 
the matrix, i.e., the sacculus, was enzymatically removed during 
growth under osmotic protection, resulting in the formation of 
osmotically labile spheroplasts (64). When the bacteria were 
then allowed to regain a murein sacculus, the cells were unable 
to reshape themselves into rods but, rather, formed a spherical 
sacculus (136). By contrast, when osmotically stable spherical 
cells, surrounded by a spherical sacculus, were produced by 
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arowth of E. coli in the presence of the p-lactam mecUlinam, 
H* specifically tauSt.. ceU elongation rod fan*, 
started as soon as the antibiotic, was removed (55). The bacte 
ria were able to regrow the spherical sacculus "to a rod- 
shaped sacculus with reestablishment of the original po arity of 
the ceU Tseems that sufficient structural information was 
retained in the spherical sacculus to allow reversion to a rod. 
For the osmotically labUe spheroplasts, this was not the case 
Ivenmally, however, after a long tria^nd-error process even 
these cells became rod-shaped agam. This has been interpreted 
as an accidental formation of the right P™^*^ 
rod-shaped outgrowth that can govern the controlled synthesis 
of a proper rod-shaped sacculus. Thus, there is .no convmcmg 
evidence that a morphogenetic apparatus ex*ts in bacteria that 
fs able to create a specific shape de novo. Copying the e* Ung 
sacculus may indeed be the mechanism by which bacteria 
transmit their shape from generation to generation. 
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